Boron-oxygen related lifetime degradation is a severe problem for high-efficiency solar cells as the applied concepts like PERC suffer strongly from the observed lifetime degradation. However, these efficiency losses can be avoided via the Regeneration process eliminating the harmful defects. Within this contribution the effect of device structure on Regeneration kinetics is investigated. It is found that PERC-type cells regenerate faster than full area Al-BSF-type cells. It is pointed out why PERC-type cells benefit from an injection level effect. But this effect is not the only reason for the accelerated Regeneration. By means of especially adapted PERC cells, which do not benefit from the injection level advantage, it is shown that a second hydrogen containing layer on the rear has a positive influence, too, probably due to an increased hydrogenation of the silicon bulk.
Introduction
Nowadays, mainly two cell concepts can be found in silicon wafer based solar cell mass production: the rather old-fashioned full area Al-BSF and the rather new PERC (passivated emitter and rear) concept, both realized on typically boron doped p-type substrates. Both concepts may suffer from a degradation of bulk lifetime due to boronoxygen related defects [1] [2] [3] [4] [5] . A possible way to permanently avoid this degradation is the so-called Regeneration process invented in 2006 [6] [7] [8] [9] [10] , in which harmful active meta-stable defect species are converted into an inactive, stable species. Recent investigations have shown [11] [12] [13] [14] that hydrogen seems to play a key role in this process and therefore all constraints influencing the hydrogenation of the silicon bulk are likely to influence Regeneration kinetics. The change of concept from full area Al-BSF-type to PERC-type is therefore expected to influence Regeneration kinetics. Within this contribution, full area Al-BSF as well as PERC-type cells with similar front side but differing on the rear side are processed to investigate the influence of hydrogen on Regeneration kinetics in both concepts. In addition, the general role of injection level is discussed.
Structural properties of full area Al-BSF and PERC-type solar cells
In principle, full area Al-BSF and PERC-type cells on p-type substrates differ only in one point: the rear side contact. While in the classical full area Al-BSF concept Al paste is screen-printed directly on the rear side of the silicon substrate and the contact forms on the full area during the firing process, the rear side of PERC-type cells is passivated by a dielectric layer or stack. The contact to the substrate is achieved by opening the dielectric only locally (e.g. via laser ablation or wet chemistry), printing Al-paste on the full area and forming the actual contact sites in the locally opened/ablated areas during the firing process. It is worth to have a closer look on the microscopic contact formation to understand the later shown dependency on the firing process.
During the firing process of both cell types, Al liquefies around 660°C and dissolves silicon from the substrate. [15] The maximum concentration of Si in the Al melt depends on the one hand on the solubility (determined by peak temperature) reached during the short firing step and on the other hand on the geometry of the contact [16] . During cool down, the solubility of Si in Al decreases and Si re-crystallizes preferably at the substrate/melt interface incorporating Al as dopant according to the Al/Si binary phase diagram [17] . Thus a p + -doped region gradually forms with a doping level locally equaling the solubility of Al in Si. More precisely, the Al dopant concentration within the re-crystallized region is not constant as the re-crystallization takes place at decreasing temperatures and, as the solubility of Al in Si decreases with temperature, the incorporated Al concentration decreases as well leading to a concentration gradient within the re-crystallized p + doped region [18] . It also means that starting the re-crystallization process at higher temperatures leads to stronger doped regions. The residual liquid Al/Si melt finally solidifies at the eutectic temperature of 577°C on top of the Al-doped Si region forming the actual contact [15] . It should be mentioned here that state-of-the-art Al screen-printing pastes are enriched also with B which is also incorporated during re-crystallization and, due to a high solubility of B in Si, boosts the doping effect well beyond the solubility limit of Al [19] .
The doping level reached in local contacts is typically lower than that of full area contacts at the same peak temperature because the dissolved Si diffuses laterally in the Al melt away from the contact site. Thus the Si concentration in the vicinity of the solid/melt interface is lower and re-crystallization starts at a lower temperature. In consequence, the maximum Al concentration in the re-crystallized region falls below the value reached in full area alloyed cells. Adding Si to the Al paste counteracts this effect [16] .
The doping step between substrate (~10 16 cm -3 ) and p + -region (>10 18 cm -3 ) results in the well known electric back surface field (BSF), screening the actual Al/Si interface for the electrons. The effectiveness of screening depends (besides other entities) on the height of the doping step with higher steps being beneficial. In consequence, higher peak temperatures, leading to a stronger Al (and B) doped Si region, decrease the effective surface recombination velocity (SRV) of the rear contact. Typical effective SRV values for Al-BSFs range from 300-700 cm/s depending on peak firing temperature, Al paste composition, and substrate doping. Both cell concepts rely to a certain degree on this effect, the full area Al-BSF type cell (as the name states) to 100%, the PERC-type cell only to 5-10% depending on the exact rear contact area fraction, meaning the area weighed Al-BSF in the local contacts only contributes 25-50 cm/s (SRV BSF 500 cm/s) plus the area weighed SRV of the passivated area (90-95%). The actually achieved effective rear side SRV depends therefore rather on the passivation quality of the dielectric layer/stack after the firing step than on the Al-BSF and thus the firing conditions have to be optimized especially with respect to the performance of the dielectric layer/stack. It should be remarked here that by far not every dielectric layer/stack endures higher temperatures even though hydrogen is also known to passivate the c-Si/dielectric interface. Especially the often used AlO x passivation layers are known to be temperature sensitive [20] [21] [22] [23] .
General dependencies for Regeneration kinetics
Regeneration takes place at elevated temperatures, typically 100-200°C, and simultaneous charge carrier injection either by illumination or biasing. The Regeneration reaction is thermally activated thus higher temperatures speed up the process [6, 7, 10] . Furthermore, it is known that the Regeneration reaction speeds up with rising injection level. This can be done by the experimenter by simply increasing the illumination intensity or injected bias current [8, 10] . However, the achieved injection level depends on some sample (fixed) properties. For example it matters if the solar cell is short-circuited or open circuited under illumination [8, 9] , as the operation condition controls the achieved injection level as well. Surface recombination also plays a major role as it may impose a lifetime limitation for the sample as a whole if the correlated surface lifetime comes close to or lies below the bulk lifetime. In this context it is often forgotten that even an emitter layer acts as a passivation layer [24] .
In addition to temperature and injection level, both adjustable in the Regeneration process, hydrogen was found to play a key role in the regeneration reaction [11] [12] [13] [14] . From various experiments mainly performed on lifetime basis one may conclude that the overall amount of hydrogen, typically originating from hydrogenated dielectrics like SiN x :H, in the silicon bulk essentially determines the time constant of the Regeneration process at a given temperature and injection level [12] [13] [14] .
Decoupling the different influences on Regeneration kinetics
As at least the two known factors of injection level and hydrogen content of the silicon bulk determine the Regeneration time constant, i.e., the time needed for almost complete recovery of the minority carrier lifetime, these two influences have to be decoupled to study which factor affects the investigated cell concepts to a certain degree.
Injection level
The minority carrier injection level n in a p-type solar cell under illumination or external biasing can be estimated according to the non-equilibrium mass action law
where n and p are the non-equilibrium electron and hole density, n 0 and p 0 the thermal equilibrium densities, n i the intrinsic carrier density, kT the thermal energy (in eV), q the elementary charge, and qV the local quasi-Fermi level splitting (local voltage). The estimated injection level n at 300 K is exemplarily depicted in Fig. 1 (left) . As the cell is typically illuminated and not connected for Regeneration, V equals the open circuit voltage V oc of the solar cell which is by far a better measurable entity compared to the injection level n. The achievable V oc of a solar cell can in turn be estimated according to the one diode model
with j sc being the short circuit current density and j 0 the diode's saturation current density. The correct value of j sc is not of upmost importance as the derivative dV oc /dj sc features only a small value < 1 mV/(mA/cm²). The diode saturation current density j 0 is the sum of emitter j 0e and volume j 0b saturation current density. As remarked above, the front side of both cell concepts is identical and thus j 0e may be assumed identical. The bulk's contribution j 0b is given for an infinite bulk with acceptor concentration N A by
which can be adapted for the finite bulk by replacing the diffusion length by an effective diffusion length L eff which in turn includes the rear SRV S and the finite thickness d. In Fig. 1 (right) the expected V oc at 300 K is plotted versus bulk lifetime as well as effective rear SRV assuming a j 0e of 150 fA/cm². In summary, V oc is a measure of the achieved injection level n and is dominated by both bulk lifetime b and rear SRV S.
PERC-type solar cells typically benefit from a lower effective rear SRV in the range of 50-100 cm/s as compared to 300-700 cm/s for full area Al-BSF-type cells and therefore typically feature V oc around 650-660 mV under STC which is roughly 20 mV higher than that of Al-BSF type cells. Thus the PERC concept typically exhibits a higher injection level under similar illumination conditions and, as the Regeneration rate increases with injection level, has the potential of a faster Regeneration process, at least at room temperature. However, Regeneration takes place at elevated temperatures, e.g., 120-200°C, and arguing with V oc (as a measure of injection level) determined at room temperature is somewhat misleading. The meaningful entity is V oc measured at Regeneration temperature T R (and under the applied illumination). Hence the question is how strong V oc is decreased when raising the temperature. In general, the temperature coefficient dV oc /dT of a solar cell may be approximated from the one diode model yielding
using and E go being the band gap of silicon at 0 K. In accordance to observations, solar cells exhibiting a higher V oc at room temperature typically feature a better temperature coefficient dV oc /dT and thus PERC-type cells not only exhibit a higher V oc at room temperature, but also maintain their V oc better than full area Al-BSF-type cells. Therefore, it can be concluded that PERC-type cells typically benefit from an increased injection level also promoted by a better temperature coefficient.
Hydrogen content
It is by far more complicated to investigate to what degree hydrogen plays a role in the different cell concepts. Four main aspects have to be taken into account: the hydrogen source capacity, the actual hydrogen amount released from the source into the silicon bulk, its distribution in the silicon bulk and the capability to confine the hydrogen in silicon bulk.
As probably all PERC-type cells exhibit a hydrogenated dielectric passivation layer or stack on the rear side, in most cases including a SiN x :H layer, PERC-type cells feature not only a hydrogen source on the front side, but also on the rear side thus doubling virtually the hydrogen source capacity as compared to full area Al-BSF-type cells. Actually the hydrogen source capacity of the rear side dielectric is likely higher than that of the front side, because the passivation layer/stack on the front side serves also as anti-reflection coating and thus its thickness is defined by optimum optical transmission, while it can be chosen thicker on the rear side which also suppresses absorption losses in the metal above the dielectric layer/stack due to parasitic evanescent transmission through the dielectric. Thus the source capacity is often even more than doubled.
The amount of hydrogen released from the dielectric layers is determined mainly by the temperature profile used for firing screen-printed metal contacts. For example, at temperatures above approx. 650°C hydrogen is released from SiN x :H with the release rate per volume element increasing strongly with rising temperature [14] . Thus the total released amount of hydrogen from the dielectric layer depends on the temperature/duration profile above 650°C, layer thickness and also layer composition. However, only a small fraction of the released hydrogen diffuses into the silicon bulk, the rest is lost to the ambient. How much hydrogen actually arrives in the silicon bulk depends again on temperature but also on layer composition and, in case of a dielectric stack, the capability of an interlayer to hinder diffusion or the capability of an outer layer to confine the released hydrogen. Fortunately, the often used thin AlO x or SiO x interlayers exhibiting only a few nanometers in thickness do not seem to act as significant diffusion barrier layers [13] .
The distribution of hydrogen within the bulk is probably not a limiting factor as the diffusivity of hydrogen seems to be sufficiently high during the firing process to more or less evenly distribute hydrogen in the silicon bulk.
What might also play a role is the capability of the different cell concepts to confine the hydrogen within the bulk where it is needed for Regeneration. Especially in the full area Al-BSF concept hydrogen might get lost by either trapping at Al in the doped region or effusion through the Al contact. Even though this effect can occur also in PERC-type cells with local contacts, the small area fraction of rear side contacts should diminish this effect.
Experiment
In order to investigate experimentally the influence of hydrogen source capacity, release behavior and maybe trapping/effusion behavior in both cell concepts, Al-BSF and PERC-type solar cells were manufactured. Both groups were made of the same material (~1.3 cm boron doped Cz-Si, ~180 μm thickness after processing) and received identical front side processing (alkaline texture, POCl 3 -based emitter, SiO x /SiN x :H passivation/ARC stack, Ag screen-printed contacts). For the PERC group a SiO x /SiN x :H stack was created on the rear side and the dielectric stack was locally ablated in a line pattern by laser. The rear side of both groups was screen-printed with Al-paste and all cells were fired in an IR belt furnace. Several subgroups were defined each with a different set peak temperature and/or belt speed as shown in Table 1 . As the experiment aims only at the hydrogen influence on Regeneration in different cell concepts, the influence of injection level (as discussed above) was countered in two ways: Firstly, the passivation quality of the dielectric stack on the rear side was deliberately chosen not optimized, so that the PERC-type cells in this experiment exhibit V oc values even slightly below those of the Al-BSF-type cells in the annealed state. Secondly, the illumination (around 1 sun) during Regeneration (at 130°C, V oc conditions, in-situ monitored until saturation, see Fig. 3 ) was adapted to yield approximately the same start/end voltage. Residual deviations lie in the range of 5 mV, their estimated influence is reflected in the error bars.
Prior to Regeneration treatment (~1 sun, 130°C), the samples were annealed (dark, ~200°C, 10 min) and subsequently degraded (0.1 sun, ~45°C, 48 h). Note that these steps are not needed for Regeneration to occur as during Regeneration conditions cells are degrading very fast and almost instantaneously compared to the time constant of Regeneration. After completed Regeneration step, the samples were exposed again to degradation conditions (0.1 sun, ~45°C) to check for incomplete Regeneration and then annealed again to check for other effects degrading the performance. After each stage the electrical parameters of the cells were determined under standard test conditions.
Results and interpretation
The V oc values for both cell concepts and their subgroups at different stages of the experiment are shown in Fig. 2 . As can be seen in the bar graphs, all subgroups could regain almost the complete voltage loss due to degradation via the Regeneration process; the regenerated V oc of the PERC-type cells even exceeds the annealed value, to which all voltages in each subgroup were normalized. The voltage was stable after Regeneration within error margins on a high level and the final anneal hits almost perfectly the starting value. The data points in Fig. 2 depict the achieved annealed V oc values relative to the first group. For the full area Al-BSF-type cells a clear trend can be seen. Within the groups (1,2,3), (4, 5) and (6,7) the relative V oc increases. Within each of these groups the set temperature and hence also the achieved cell peak temperature increases. From group (1,2,3) to (4,5) the belt speed was increased and thus the samples had less time to heat up in the hot zone of the belt furnace. Comparing subgroups 2 and 4 (same set temperature, 2 slower than 4) subgroup 2 features a slightly higher V oc than subgroup 4. The same holds for subgroups 3 and 6. This behavior seems to be perfectly in line with the expectations discussed in section 2: the higher the peak temperature, the better the field passivation, the better V oc and therefore one can conclude that it is beneficial to fire full area Al-BSF-type cells rather hot.
For the PERC-type cells no clear trend is visible. The observed gains/losses in V oc show neither significant improvement nor drastic deterioration of the rear side passivation. As it is the aim of this experiment to clarify the influence of hydrogen and, as the injection level effect rather disturbs and complicates the experiment, an almost insensitive rear surface passivation is beneficial here. However, one has to bear in mind, that a SiO x /SiN x :H passivation stack was used in this experiment which is less temperature sensitive as compared to the often used AlO x /SiN x :H passivation stacks.
During Regeneration treatment the evolution of V oc was in-situ monitored starting from the degraded state and a single exponential fit was used to extract a specific time constant as depicted in Fig. 3 (left) . The time constants for both cell types and each subgroup are shown in Fig. 3 (right) . Table 1 ).
As can be seen, the time constants for both cell types differ beyond error margins. The PERC-type cells always exhibit shorter time constants irrespective of the firing conditions. Note again that the injection level effect was suppressed for this specific experiment and thus the observation cannot be ascribed to a generally higher injection level of typical PERC-type cells. Hence we credit this finding rather to the structural difference between the two cell concepts: the second hydrogen source on the rear side and the eased hydrogenation of the bulk during the firing step.
For the PERC-type cells no clear trend can be seen within the error margins. Hence we conclude that the different firing conditions applied within this experiment have no significant influence on the Regeneration behavior maybe because hydrogen is not the limiting factor for Regeneration due to an oversupply of hydrogen from the double sided, high capacity hydrogen source and/or a very homogeneous hydrogen distribution in depth.
In contrast, for the full area Al-BSF-type cells a clear trend can be seen. Within each group (1,2,3), (4,5) and (6,7) exhibiting rising set temperature the time constant decreases. Again changing the belt speed, e.g., from subgroup 3 to 4, alters the effectively reached peak temperature explaining the step in time constant between subgroups 3/4 and 5/6, respectively. We ascribe the acceleration of the Regeneration process with increasing temperature to better hydrogenation of the silicon bulk as more hydrogen is released from the SiN x :H layer. It is also interesting to see that the gap between full area Al-BSF and PERC-type cells seems to close with increasing temperature. This might be interpreted in the way that hydrogenation, meaning distribution homogeneity and amount, is improved that much that hydrogen is also for full area Al-BSF type cells not a limiting factor any more.
However, it should be kept in mind that especially the PERC-type cells in this experiment were de-optimized and that Regeneration conditions were adapted in order to suppress the injection level effect. If this would have not been the case, meaning a generally higher injection level under constant illumination intensity for the PERC-type cells, the gap in time constant between both cell concepts would have been larger and would probably not close completely.
Conclusions
In good agreement with the results from Cascant et al. [25] it is found that PERC-type cells are prone to regenerate faster than full area Al-BSF-type cells. However, the results from this experiment show that not only the injection level effect, described here in theory, is responsible for the faster Regeneration of PERC-type cells as compared to full area Al-BSF-type cells, but that the additional hydrogen source layer on the rear side of the especially adapted PERC-type cells also contributes to this acceleration. The unclear trend with respect to the different applied firing conditions suggests that the double-sided hydrogen source might already oversupply the bulk. In contrast, the closing gap in time constant between the two cell concepts with increasing firing temperature suggests that this is not the case for full area Al-BSF-type cells.
